The proton-translocating F 1 F 0 ATP synthase from Clostridium thermoautotrophicum was solubilized from cholate-washed membranes with Zwittergent 3-14 at 58؇C and purified in the presence of octylglucoside by sucrose gradient centrifugation and ion-exchange chromatography on a DEAE-5PW column. The purified enzyme hydrolyzed ATP at a rate of 12.6 mol min ؊1 mg ؊1 at 58؇C and pH 8.5. It was composed of six different polypeptides with molecular masses of 60, 50, 32, 19, 17, and 8 kDa. These were identified as ␣, ␤, ␥, ␦, , and c subunits, respectively, as their N-terminal amino acid sequences matched the deduced N-terminal amino acid sequences of the corresponding genes of the atp operon sequenced from Clostridium thermoaceticum (GenBank accession no. U64318), demonstrating the close similarity of the F 1 F 0 complexes from C. thermoaceticum and C. thermoautotrophicum. Four of these subunits, ␣, ␤, ␥, and , constituted the F 1 -ATPase purified from the latter bacterium. The ␦ subunit could not be found in the purified F 1 although it was present in the F 1 F 0 complex, indicating that the F 0 moiety consisted of the ␦ and the c subunits and lacked the a and b subunits found in many aerobic bacteria. The c subunit was characterized as N,N-dicyclohexylcarbodiimide reactive. The F 1 F 0 complex of C. thermoautotrophicum consisting of subunits ␣, ␤, ␥, ␦, , and c was reconstituted with phospholipids into proteoliposomes which had ATP-P i exchange, carbonylcyanide p-trifluoromethoxyphenylhydrazone-stimulated ATPase, and ATP-dependent proton-pumping activities. Immunoblot analyses of the subunits of ATP synthases from C. thermoautotrophicum, C. thermoaceticum, and Escherichia coli revealed antigenic similarities among the F 1 subunits from both clostridia and the ␤ subunit of F 1 from E. coli.
Clostridium thermoautotrophicum and Clostridium thermoaceticum are gram-positive, thermophilic, obligately anaerobic bacteria that can utilize and grow on various carbon sources including sugars (e.g., glucose, fructose, xylose) and one-carbon compounds (e.g., CO 2 /H 2 , CO, and methanol) (11, 34, 46, 55, 57) . They are also called homoacetogens because they produce acetate as the principal metabolic end product. Although isolated from different sources these two bacteria are virtually indistinguishable with respect to their physiology and metabolism (34, 55, 57) , 16S rRNA sequence (3) , and genomic DNA composition (55) . A major feature of the acetogenic clostridia is that they synthesize acetate from CO 2 by the reductive autotrophic acetyl-coenzyme A pathway (34, 35, 46, 56, 57) . The acetyl-coenzyme A pathway does not yield any net gain of energy (ATP synthesis) at the substrate level. Thus, during autotrophic growth the acetogens must generate energy from electron transport-coupled phosphorylation. The presence of an electron transport chain and a proton-translocating F 1 -ATPase and their involvement in the generation of proton motive force, ATP synthesis, and amino acid uptake have been demonstrated in membranes of acetogenic clostridia (8, 24-29, 35, 39) .
Proton-translocating F 1 F 0 ATP synthases have been characterized from bacteria, chloroplasts, and mitochondria (15, 17, 21, 43, 49, 51) . They have similar structures consisting of two parts, a cytosolic or membrane-extrinsic F 1 and a membraneintrinsic F 0 . The F 1 part of the enzyme has the catalytic domain which is responsible for the synthesis and hydrolysis of ATP, and the F 0 part translocates protons across the membranes during catalysis. In Escherichia coli, the F 1 part has five subunits with a composition of ␣ 3 ␤ 3 ␥␦ε, and the F 0 part has three subunits with a composition of ab 2 c [10] [11] [12] (15) . The five subunit structure of F 1 is commonly found in bacteria, mitochondria, or chloroplasts (43) although only four subunits were found in the F 1 of C. thermoaceticum (29) . In contrast, significant variations have been observed in the structure of F 0 . Thus the number of subunits found in the F 0 of mitochondrial ATP synthases ranges from five to eight (43, 51) , while that for chloroplast and cyanobacterial ATP synthases is four (43) and that for bacterial ATP synthases ranges from one to three (4, 5, 15, 47) . Among anaerobic bacteria, the simplest subunit structure of F 0 has been described for Clostridium pasteurianum, which is comprised of only one type of subunit (4, 5) .
In this study we describe the purification and characterization of the F 1 F 0 ATP synthase from C. thermoautotrophicum. The purified enzyme contains the six subunits ␣, ␤, ␥, ␦, ε, and c, of which the ␣, ␤, ␥, and ε subunits constitute the F 1 -ATPase. Although the a and b subunits found in many aerobic bacteria are missing, the clostridial ATP synthase is fully functional.
MATERIALS AND METHODS
Bacteria and growth conditions. C. thermoautotrophicum JW 701/5 and C. thermoaceticum ATCC 39073 were grown on 0.5% (vol/vol) methanol or 1.0% (wt/vol) glucose as carbon source at 58ЊC under 100% CO 2 (36, 37) . E. coli TG1 was grown in a minimal medium as previously described (9) with 0.5% (wt/vol) ammonium succinate as the energy source. Cells from both cultures were harvested at mid-log phase (after 16 to 18 h of growth) and stored at Ϫ20ЊC until used.
Preparation of membranes, F 1 -ATPase, and F 1 F 0 ATP synthase. Membranes from C. thermoautotrophicum and E. coli were prepared after breaking the cells in a French press (29). The F 1 -ATPase of C. thermoautotrophicum was purified as described previously for the enzyme purified from C. thermoaceticum (29) . To purify F 1 F 0 ATP synthase from C. thermoautotrophicum, membranes were washed twice in buffer A (50 mM Tris-HCl [pH 7.6], 1 mM MgCl 2 , and 10% [vol/vol] glycerol) before being resuspended in the same buffer to a protein concentration of 10 mg ml Ϫ1 . Sodium cholate was added to a final concentration of 1% (wt/vol). The suspension was stirred for 20 min at room temperature and centrifuged at 200,000 ϫ g for 2 h. The pellet, which contained about 90 to 95% of the ATPase activity, was suspended in buffer A at a concentration of 5 mg of protein ml Ϫ1 . To solubilize F 1 F 0 ATP synthase Zwittergent 3-14 was added to the cholatewashed membranes to a final concentration of 0.5% (wt/vol). The suspension was incubated for 1 h at 55ЊC, cooled on ice for 20 min, and centrifuged at 200,000 ϫ g for 2 h. The supernatant, which contained 50 to 70% of the ATPase activity, was concentrated by ultrafiltration. Aliquots (3 to 5 ml) of concentrated samples were layered over a linear gradient of 5 to 30% (wt/vol) sucrose in 60 ml of buffer A containing 1% (wt/vol) octylglucoside and centrifuged for 12 h at 40,000 rpm in a Beckman 45 Ti rotor. Aliquots (2 ml) of sucrose gradients containing ATPase activity were pooled and applied to a DEAE-5PW column (8 by 75 mm) equilibrated with buffer A containing 1% octylglucoside. The column was washed with 5 volumes of this buffer, and ATPase was eluted with a linear gradient of Tris-HCl, pH 7.6 (50 to 900 mM), containing 1 mM MgSO 4 , 10% glycerol, and 1% octylglucoside. Fractions with the highest ATPase activity were pooled and concentrated by ultrafiltration to approximately 0.7 mg ml Ϫ1 . Reconstitution of ATPase complex into phospholipids. Soybean phosphatidylcholine (Sigma), E. coli phosphatidylethanolamine (Sigma), and phospholipids isolated from C. thermoautotrophicum as described by Clarke et al. (5) were used to prepare proteoliposomes. The phospholipids (50 to 100 mg) were suspended in 1 ml of chloroform and evaporated under a stream of argon. Buffer B (20 mM Tris-SO 4 [pH 8.0], 1 mM MgSO 4 , 10% glycerol, and 1 mM dithiothreitol) was prepared anaerobically (36) and added to the phospholipid film to give a concentration of phospholipid of 10 mg ml Ϫ1 . Suspensions were sonicated until they became translucent. F 1 F 0 ATP synthase (1 ml, 0.7 mg ml Ϫ1 ) was added to 1 ml of the phospholipid suspension, and octylglucoside or cholate was added to a final concentration of 1 or 2% (wt/vol), respectively. Suspensions were incubated at 50ЊC for 30 min. Three procedures were used for detergent removal: dialysis, detergent adsorption to polystyrene beads, and gel filtration. Dialysis was done against two changes of 1 liter of buffer B at 10ЊC for 40 h. The dialysate was then centrifuged at 100,000 ϫ g for 60 min, and the pellet was resuspended in buffer B to a protein concentration of approximately 1 mg ml Ϫ1 . Detergent adsorption was done with Amberlite XAD-25 as described by Furth (16) . Gel filtration was carried out with a Bio-Gel P10 column (2 by 10 cm) equilibrated with buffer B. Fractions corresponding to the column void volume were pooled, the sample centrifuged, and the pellet suspended in buffer B.
Enzyme and protein assays. ATPase activity was measured at 58ЊC following the method described previously (29) . The enzyme reaction was started by adding the substrate ATP (2 mM) and terminated by adding 10% (wt/vol) sodium dodecyl sulfate (SDS) to a final concentration of 1%. The P i released from ATP hydrolysis was determined colorimetrically as described by Baginsky et al. (2) . One unit of ATPase activity was expressed as 1 mol of P i released per min and the specific activity was expressed in units per milligram of protein. The effects of N,NЈ-dicyclohexylcarbodiimide (DCCD), carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP), detergents, and phospholipids on ATPase activity were studied by incubating the enzyme with the effector in the assay mixture at 58ЊC for 10 min prior to enzyme assay.
ATP-P i exchange activity was determined by a modified method described by Nelson et al. (42) . The reaction mixture (0.1 ml) contained 100 mM triethanolamine-maleate buffer (pH 7.7), 0.25 mg of bovine serum albumin, 4 mM ATP, 2 mM MgSO 4 , 1 mM [ 32 P]KH 2 PO 4 containing 10 6 cpm per assay, and 10 to 40 g of proteoliposomes. The reaction was started by adding proteoliposomes and stopped after 10 min by adding SDS to a final concentration of 1% (wt/vol). Extraction of organic phosphate was as described by Nelson et al. (42) .
ATP-dependent proton pumping was followed by measuring the changes of pH in response to added ATP (2 mM) with a Corning X-EL electrode connected to a Fisher Accumet 750 pH meter. Samples contained proteoliposomes (approximately 500 g of protein) in 1 ml of buffer B. Valinomycin (0.3 g) and KCl (25 mol) were added, and HCl was used to adjust the pH of the suspension to 6.2 at 50ЊC. ATP was added from a 10 mM stock solution (also of pH 6.2), and the changes in pH values were recorded at a rate of two per s for 2 or 3 min with an Atari 400 computer interfaced to the pH meter.
Protein was estimated using the Rose Bengal dye-binding assay as described by Elliott and Brewer (12) , except that the buffer contained 0.2% (vol/vol) Triton X-100 for solubilization of the membrane proteins. Proteolipids were estimated by a modified Lowry method after solubilization with SDS as previously described (14) . Ovalbumin was used as a standard in the protein assay.
SDS-PAGE, determination of molecular mass, and immunoblot analyses. SDSpolyacrylamide gel electrophoresis (PAGE) was carried out by the method of Laemmli (31) in the presence or absence of urea (54) . For analysis of the ATPase subunits, 12% acrylamide (wt/vol) in resolving gels and 4% acrylamide (wt/vol) in stacking gels were used. The electrophoresis of the proteolipids was done under a different condition as described below. Coomassie brilliant blue R-250 was used for staining the ATPase subunits. The native molecular mass of ATP synthase was determined with the help of high-performance liquid chromatography size exclusion chromatography on a TSK G4000SW column equilibrated with 50 mM Tris-acetate (pH 7.4)-1 mM MgCl 2 -10% glycerol-1% octylglucoside.
The immunoblotting and immunostaining experiments were carried out according to the manufacturer's instructions (Bio-Rad, Hercules, Calif.).
Antibodies. Polyclonal antibodies against the F 0 complex (a, b, and c subunits) and that specific for the c subunit of E. coli were obtained as gifts from K. Altendorf (University of Osnabrück, Osnabrück, Germany). Monoclonal antibodies against the ␤ subunit of E. coli F 1 -ATPase were a gift from Nathan Nelson of the Roche Institute (Nutley, N.J.). The antibodies against the purified F 1 -ATPase from C. thermoautotrophicum were raised in adult New Zealand White rabbits at the animal facility of the University of Georgia. Antigens (300 g of F 1 -ATPase) were mixed with 0.5 ml of complete Freund's adjuvant (Sigma), emulsified, and injected into rabbits. A booster injection of the same amount of antigens was given in the same manner after 3 weeks except that incomplete Freund's adjuvant was used. Blood samples were withdrawn from the rabbits 3 weeks after the second injection, and the antibody titer was determined by enzyme-linked immunosorbent assay.
N-terminal amino acid sequencing. The subunits of the purified F 1 -ATPase and F 1 F 0 ATP synthase of C. thermoautotrophicum were transblotted from SDS gels to polyvinylidene difluoride membranes. The polypeptides were excised with a razor blade after brief staining with Ponceau S or Coomassie blue. The Nterminal amino acid sequences of the polypeptides bound to polyvinylidene difluoride membranes were done at the Molecular Genetics Facility of the University of Georgia. The N-terminal methionine residue of the c subunit was blocked and the residue was removed by treatment with 0.5 M methanolic-HCl as previously described (22) .
Determination of the DCCD-binding protein. Cholate-washed membranes (10 mg of protein) suspended in 600 l of buffer A were treated with 100 M of [ 14 C]DCCD (57 Ci mol Ϫ1 ) at 4ЊC for 20 h. The labeled membranes were diluted 20 times with the suspension buffer (buffer A), centrifuged, and washed three times with the same buffer. [ 14 C]DCCD-labeled membranes were extracted with 25 volumes of chloroform-methanol (2:1) (vol/vol) (14, 20) . The proteolipid was purified from the extract as described by Altendorf (1). The SDS-PAGE of the isolated proteolipid was done in tube gels (8 mm) containing 12% acrylamide, 8 M urea, and 0.4% SDS in the resolving gel. Radioactive gels were sliced into 2.0-mm pieces and dissolved in 1.5 ml of 6% (vol/vol) H 2 O 2 by incubation at 55ЊC for 24 h in tightly capped vials (14) . The radioactivity of bound [ 
RESULTS
Purification of F 1 F 0 ATP synthase. A typical purification with a 9% yield of ATP synthase from 90 g of cell paste of C. thermoautotrophicum is summarized in Table 1 . The best preparations had a specific activity of 12.6 U and involved a 28-fold purification starting from membranes obtained by breaking cells with the French press. Crude membranes were first washed with cholate, which removed loosely associated proteins without solubilizing ATPase. Zwittergent 3-14 was used to extract the ATPase, but it was proved to be unsuitable for purification of the enzyme in the subsequent steps due to protein aggregation. Instead, the neutral, dialyzable detergent octylglucoside was used in the sucrose gradient centrifugation and DEAE high-performance liquid chromatography steps. The sensitivity of the enzyme to DCCD decreased during the a The amount of cell paste used was 90 g. b After 10 min of incubation at 58ЊC with 100 M DCCD in the assay mixture.
purification, with the final enzyme preparation showing approximately 50% inhibition by 100 M DCCD (Table 1) . Subsequent gel filtration on a TSK G4000SW column resulted in the loss of the smallest polypeptide (8 kDa) and the loss of the ATP-P i exchange activity of the reconstituted complex (data not shown).
Composition and identification of subunits. Both F 1 F 0 ATP synthase and F 1 -ATPase were purified from C. thermoautotrophicum grown in the presence of glucose or methanol as carbon sources, and their subunit compositions were determined by SDS-PAGE in the presence or absence of urea. The best resolution of the ATPase subunits was obtained with 12% acrylamide and 8 M urea (Fig. 1) . The whole enzyme (F 1 F 0 ) from glucose-grown cells has six different subunits with molecular masses of 60, 50, 32, 19, 17, and 8 kDa (Fig. 1A) , out of which four were found in F 1 preparations (Fig. 1B) . Identical subunit compositions were also found in the purified F 1 F 0 and F 1 complexes from methanol-grown cells (not shown). Regardless of the preparation procedure used, we were not able to find subunits additional to those mentioned above. Preparations containing less than six subunits were not active. Previously, we have shown that the F 1 -ATPase from C. thermoaceticum consists of four different subunits with molecular masses of 60, 55, 37, and 17 kDa (29) . The four subunits were designated based on molecular masses obtained from gels run without urea as ␣, ␤, ␥, and ␦, and their stoichiometry was given as
The N-terminal amino acid sequences of the four subunits of the C. thermoautotrophicum F 1 -ATPase matched almost perfectly with the ␣, ␤, ␥, and ε subunits (out of 10 residues 1 mismatch was found in each of the ␣, ␥, and ε subunits) ( Table  2) but not with that of the ␦ subunit (7). The results are interpreted to mean that the ␦ subunit is missing in the isolated but functional F 1 -ATPase from C. thermoautotrophicum and not the ε subunit, as was suggested for the F 1 -ATPase of C. thermoaceticum (29, 39) . Clearly the present results are also consistent with ␦ being the missing subunit of the F 1 -ATPase from C. thermoaceticum. The F 0 moiety of the C. thermoautotrophicum F 1 F 0 complex consists of 19-and 8-kDa subunits which were identified as the ␦ and c subunits, respectively, based on the analysis of their N-terminal amino acid sequences ( Table 2 ). The 8-kDa subunit was purified separately from the membranes of C. thermoautotrophicum by extraction with chloroform-methanol (2:1) and was characterized as DCCD reactive (see Fig. 4 ). The analysis of the N-terminal amino acid sequences of the ␣, ␥, ␦, and ε subunits reveals the absence of methionine as the first residue, which was probably removed following translational initiation (41) ( Table 2) .
The apparent molecular weight of the C. thermoautotrophicum F 1 F 0 ATP synthase is 450,000, as determined by gel filtration and sucrose gradient centrifugation. From protein sequences deduced from the genes of C. thermoaceticum, the predicted molecular weights of the six subunits of the F 1 F 0 complex were calculated as 55,357 (␣), 49,863 (␤), 33,305 (␥), 20,163 (␦), 14,518 (ε), and 7,458 (c), respectively (7). These calculated molecular weights of the ATP synthase subunits are in close agreement with those of the purified subunits of C. thermoautotrophicum ATP synthase (Fig. 1) . Since there were multiple copies of the subunits ␣, ␤ (three copies each, see reference 29), and c (described below), the predicted composition of the purified F 1 F 0 complex of C. thermoautotrophicum that could match the above molecular weight (450,000) is suggested to be ␣ 3 ␤ 3 ␥␦εc [8] [9] . This composition must be considered the minimum functional unit of the enzyme complex.
Immunological relationships between the subunits of F 1 F 0 ATP synthases from C. thermoautotrophicum and E. coli. Figure  2B shows an immunoblot of the membrane proteins from E. coli (lane 1) and C. thermoautotrophicum (lane 2) after reaction with monoclonal antibodies against the ␤ subunit of E. coli 
a Deduced molecular masses of the ATP synthase subunits were calculated from the cloned genes of the C. thermoaceticum atp operon. Determined molecular masses were obtained from SDS-PAGE of the purified ATP synthase from C. thermoautotrophicum (Fig. 1) .
b Subunits ␣, ␤, ␥, and ε were obtained from the purified F 1 -ATPase and subunits ␦ and c were obtained from the purified F 1 F 0 ATP synthase of C. thermoautotrophicum. Mismatched amino acids are underlined.
proteins from E. coli, C. thermoautotrophicum, and C. thermoaceticum (lanes 1, 2, and 3, respectively) after reaction with polyclonal antibodies against the F 1 complex of C. thermoautotrophicum. The results show that the ␤ subunits of the F 1 moieties from E. coli and C. thermoautotrophicum are immunologically related (Fig. 2B) . On the other hand, the antibodies against the purified F 1 -ATPase of C. thermoautotrophicum reacted weakly only with the ␤ subunit of E. coli F 1 (Fig. 2C , lane 1) and reacted strongly with the ␣, ␤, and ␥ subunits of F 1 -ATPase in membranes of both C. thermoautotrophicum and C. thermoaceticum (Fig. 2C, lanes 2 and 3) . No reaction of the antibodies with the ε subunit is shown in the immunoblot. At its place a smear appeared which could be due to nonspecific interactions between the antibodies and the membrane proteins. Polyclonal antibodies against the E. coli F 0 subunits (a, b, and c) failed to react with any of the subunits of a partially purified F 1 F 0 preparation and also with a crude membrane preparation from C. thermoautotrophicum (data not shown), although good reactions were observed with a control involving three subunits (a, b, and c) of E. coli F 0 (Fig. 3B) . The c subunit purified from C. thermoautotrophicum also failed to react with antibodies against the E. coli c subunit (data not shown). These results supported the absence of the a and b subunits in the F 0 moiety of the C. thermoautotrophicum F 1 F 0 complex as demonstrated above (Fig. 1 ) and the absence of any common antigenic sites in the c subunits from C. thermoautotrophicum and E. coli.
Characterization of the C. thermoautotrophicum c subunit as the DCCD-binding proteolipid. The C. thermoautotrophicum proteolipid or the c subunit was found to be DCCD reactive similar to the c subunit of E. coli (14, 20) . The 14 C-labeled proteolipid was extracted by chloroform-methanol (2:1) (vol/ vol) from [ 14 C]DCCD-treated membranes. The extracts contained about 70% of the total radioactivity incorporated into the membranes. In the gel, the electrophoretic mobility of the protein and the distribution of the 14 C radioactivity coincided (Fig. 4) .
It was suggested above that the F 1 F 0 -ATP synthase of C. thermoautotrophicum contains eight to nine copies of the c subunit. By knowing the amount of 14 C incorporated into the proteolipid and the specific activity of [ Table 1 (20), who suggested the use of this stoichiometry as an independent method for determining the number of c subunits present in F 1 F 0 complexes. Our calculation above thus estimates the number of the c subunits present in the C. thermoautotrophicum ATP synthase to be five to seven, which is close to that predicted (eight to nine) from the calculation of the molecular weight data (described above). Reconstitution of the purified ATP synthase into proteoliposomes. Several methods were tried to reconstitute F 1 F 0 ATP synthase into proteoliposomes by using a variety of phospholipids (Table 3 ). The most effective combination was cholate dialysis in the presence of soybean phosphatidylcholine. Reconstituted proteoliposomes prepared by this procedure had high ATP-P i exchange activity, and the ATPase activity was stimulated twofold by FCCP. On the other hand, vesicles prepared by octylglucoside dialysis had lower ATP-P i exchange activity and less pronounced stimulation of ATPase activity by FCCP, indicating that this method produced vesicles with higher proton conductance. Two methods which involve rapid removal of detergent (XAD-25 adsorption and gel filtration) yielded preparations with no or very little ATP-P i exchange activity. This phenomenon has been observed with other ATPase preparations reconstituted into proteoliposomes (45) .
The ATP synthase-proteoliposome complexes were examined for the inhibition of ATP-P i exchange activity by using agents known to inhibit ATP hydrolysis. Tributyltin chloride (50 M) and quercetin (50 M) completely inhibited ATP-P i exchange, while DCCD (100 M) caused approximately 80% inhibition.
ATP-dependent H ϩ pumping was observed in proteoliposomes prepared by cholate dialysis in the presence of phosphatidylcholine (Fig. 5) . The alkalinization of the external medium catalyzed by ATP synthase was reversed upon addition of FCCP and was inhibited by prior treatment of the vesicles with DCCD.
DISCUSSION
This paper describes the isolation and purification of the ATP synthase from C. thermoautotrophicum, which has been shown to be functionally active when reconstituted into proteoliposomes. The C. thermoautotrophicum F 1 F 0 ATP synthase consists of six different subunits and does not require the subunits a and b, which are present in many ATP synthases, for its functions. The results of the immunological, biochemical, and protein sequencing experiments suggest that the ATP synthases of C. thermoautotrophicum and C. thermoaceticum are virtually identical with respect to their subunit compositions and the primary structure of the subunits. Unlike in most aerobic bacteria, the F 1 -ATPase purified from acetogenic clostridia lacks the ␦ subunit, although this subunit is found to be present in the purified F 1 F 0 ATP synthase. These results suggest that the ␦ subunit is a part of the F 0 moiety of the F 1 F 0 complex of the two acetogenic clostridia. Its location apparently differs from that of other bacteria in that it is associated with the F 0 moiety rather than the F 1 moiety.
The atp operon encoding the subunits of the ATP synthase from C. thermoaceticum has been cloned and sequenced (7) . It contains the structural genes for nine subunits including those of the missing a and b subunits. It is not clear why the genes for the missing subunits are not expressed. However, the primary structure of the gene encoding the subunit a appears to be different from other atp genes.
It is interesting to note that the Na ϩ -translocating F 1 F 0 ATP synthase of another obligately anaerobic acetogenic bacterium, Acetobacterium woodii, also contains six subunits (47) . Analysis of the primary structure of the atp operon and the N-terminal amino acid sequences of the subunits of the purified ATP synthase reveals the presence of the subunits ␣, ␤, ␥, ε, and c (47) and the absence of the genes encoding the subunits a and b (19a) , which suggests a subunit composition of the enzyme similar to that of C. thermoautotrophicum. The ATP synthase purified from the anaerobic bacterium Clostridium pasteurianum has a very simple structure which is functional with four different subunits only, three in F 1 and one in F 0 (4, 5). Therefore, the presence of only two subunits in the F 0 moiety of the C. thermoautotrophicum F 1 F 0 complex is not too surprising.
The function of the c subunit has been reviewed elsewhere (10) . Results of both mutagenic and biochemical studies indicate that a small hydrophilic region in the hairpin structure of the c subunit is involved in the binding of F 0 to F 1 and that a conserved acidic residue (aspartic or glutamic acid) in the hydrophobic C-terminal end of the subunit is crucial for proton translocation. The analysis of the primary structure of the c subunit deduced from the cloned gene of the C. thermoaceticum atp operon (7) reveals the presence of these structures. The results reported for C. pasteurianum ATP synthase (4, 5) show that the c subunit alone can fulfill the requirements for the structure and function of the F 0 moiety. This leaves the question about the function of the ␦ subunit (oligomycin sensitivity-conferring protein in mitochondria [13] ) of the ATP synthase in acetogenic clostridia. Based on the results of several studies (both genetic and biochemical) using different organisms (E. coli, chloroplasts, and mitochondria), the following two functions of the ␦ subunit have been suggested: (i) involvement in the binding of F 1 to F 0 (44, 52) and (ii) involvement in the proton conduction pathway (13, 30, 33, 40) . In E. coli, the presence of the ␦ subunit has been shown to be essential for proper functioning of the F 0 subunits, and it has been suggested that the ␦ subunit might interact with the a or the c subunit, or both, during proton translocation through F 0 (40) . The association of the ␦ subunit in the F 0 moiety of the C. thermoautotrophicum F 1 F 0 complex suggests that it interacts with the c subunit in this bacterium.
Mutagenic (18) and in vitro reconstitution studies (48, 49) reveal that every subunit of the E. coli F 1 F 0 ATP synthase is essential for the function of this enzyme and that the F 1 part could not recognize or bind F 0 unless the latter had all three subunits (a, b, and c) intact. Reconstitution studies using heterologous combination of F 1 and F 0 parts of ATP synthases from different species also indicate that functionally active hybrid F 1 F 0 complexes are formed when the F 0 and F 1 parts of the enzyme have at least three and five subunits, respectively (19, 23, 32, 53) . By in vitro reconstitution studies, we have shown that the F 1 and F 0 parts of ATP synthases from C. thermoautotrophicum are not functionally compatible with those from E. coli (6) . This incompatibility is probably due to the differences in the subunit composition of the F 1 and F 0 parts of the enzyme between the two bacteria. The present concept of the mechanism of proton conductance through the F 0 channel is largely based on using E. coli F 0 as the model. It is reasonable to assume that the E. coli-type mechanism may be involved in other organisms where the subunit structure of F 0 is either similar or even more complex, as in mitochondria, chloroplasts, and many bacteria. However, this mechanism may not apply to those ATP synthases with simpler structures than that of E. coli. It has been postulated (38) that an ancient version of the ATP synthase was very simple and might be represented by the one present in C. pasteurianum and that during evolution the ATP synthases became more complex as found in E. coli.
